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We clcscribc  results from two icccnt  experiments it) which Global
Positicming  System (CWS) technology w:is  a]q~licd to prcciscly  ddcrminc the
orbits of gcosyncbronous  satellites. ‘1’he ex]wimcnts dcnlt)nstmtc.  different
aspects of a tcchniquc  which wc call C]PS-like tracking, (CII ‘l’). in the iclcal
iuiliz,ation  of C]] ,T, a ground-based nctwm k tracks a ]Jsc IIdo-Gl’S signal
from a user satellite together with standard posit i oni t Ig, timing :incl
mitigation signals froin the (WS constellation. “1’IE Coriiclstonc  Of t h e
gimncl network is :in enhanced GPS reccivcr  c:ipab]c of nuiki  ilg pi’ccisc,
simliltancoos  mcasurcincnts  of the signals (wiginatiilg,  from both the CiPS
aid  user satellites. ‘1’hc simult:ineous  incastlruncnts  enable cxploit:ition  of
powcrflil  differential GPS techniqllcs  to precisely dc[cril]ine  station
coordin:itcs,  c:ililmitc  mcdi:i  dc]ays  itlid  climillatc  timing criuis :iIIIoiIg  widely
clispcrml  titicking  st:itions.

III the first cxpcrimcnt,  wc app] y a Promis il~g short- b:iscli  nc vati:it ion of
GL1’ to dctci’ininc  prcckc orbits  for NASA’s gccJsyI’icl~I{)II<~LIs  ‘J’i’iicking  iiild
1 kit ii Rc.hiy  Szitellites  (T1 )1{ S). ‘1’hc tcchniquc  uses o]il y tl ic cxisti  i]g n:iriow-
bcam ‘1’lllM spiicc-to-gtound  link (SGI, ): tl]c phase of the S[;1.  c:iriicr  is
tr:iclmd  dire.ctl y in modific.d GPS rcccivcrs  al id no pscuclo-  (;1’S sigmil from
‘1’IXS is required. III the second dcnmnstration, mc:islllcmcmts  of [i pscllclo-
G1’S riingc  sigil:il  fmin tbc lnnlarm-2  (AOR West) KeosynclmIioLIs  s:itc]litc
were taken al two sites in the continental 11. S. and subsequently used in
computing a precise cphcmcris. OiIr malts suggcs~ that l~)ot-]]lc:ill-sc]tl:irc
(l< MS) prccisions of tbc TIX{S slid lnmarsat  orbits dctcrmincd  for these
dcmo]istr:itions  arc :it the ICVC1 of 25 and 10 i]] respectively. Wc discuss tbc
prospects that I -m geosynchronous orbit ;iccuracics  can be :icbicvccl  by
using :i systcin  th:it  fcxilurcs  cc)]ll}~lel]lci]taiy  ;Ispccts  of tbcsc dcinoi~sti:itions.

lN’1’l<OI)LJC’J”lON”

l;rom the early development stag,cs  of tbc G]ob:il Posi[ionil):,  System (G1’S),  designers
rccogni~cd its potci)t i:il :is a pOwcifd tool for tr:icking  1 kilh-orbit  ing, sp:icccraft.  With the
completion of the CWS constclhition  in 1994, and the consicicriib]c  success of recent spaceborne
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G]’s Cxpclialcats  such as ‘1’oJ)cx/1’oseidotl’, the rcmal  kablc potmt ial of the system coat iaucs to
cmcrgc. What clist i ngai  shcs CIPS from cstlm tracking aad orbit  dckmoiaatioa systems is its
unsl]rpassed  obscrviibility.  Satellites ia low-Earth orbit, Well below the Shell of the CJPS
umstcllat  ion, arc afforded cent i auoos  N lrackiag  cotcragc. ‘1’his  robust  observability enables a
satellite cc]uippcd with a G]% receiver to compute its s~atc (position mid vcloc.ity)  without regard to
the physics uadcrlying tbc sp:icccraft  motion. Of COO I SC, the traditional dynamic force mocfcliag
approach remains iawduablc for many applications. A major acivantagc  of CJ1’S is ia fact tb:it  it
permits a wide divcrsit  y of orbit cietermi]mtion  st I atcgics-  --from purely geometric to fully
dyamic-  .ricpcadiag  on the application of intc.mt.

lntuhioa  suggests that the advantages of (il’S for o~bit cickrmiaatioa  will be lost at sufficieatiy
high altitudes. There is some basis for this coaclusioa with tllc c(mvcntional  GPS applcmch,
wherein the spaccmtft  is cquippccl  with a CWS flight rcmiver. “1’hc bcii]lls of sigaals  from tbc GPS
spacecra f t  cxtcncl  about 3000 km tibovc tl]c l~arll]’s  limb. Usets at high altitudes, c..g.
gcc)syt]cl]rc)l]o~ls,  must thcrcfcwe peer over the limb of the Ear[h tc) track the signals being emitlccl
frc)m G1’S spacecr:ift  oa the other siclc of the plaact.  AI gcosyIIcllIcJI~OLIs altitucle,  oa average, the
sigaals from only oac C~PS satellite are visible using  this “dcnw-lc)oking”  CiPS a pproach.z
llnccrtaiat  ics assc)ciateci  witi~  tile  ioag signal path and iimb-gra~i  I]g, p,ccmct rics fattilcr  underscore
tile  iaivmmt ctifficuitics  of this configuration.

An ailera:itivc  to carrying a CiPS fligilt  receiver em]]]c)ys instead a G1’S-like beacon oa ti]c user
spacecraft. ‘i’bc bcacoa signai  is tracked aiong witil signals  fron I tile CIPS slmcccraft  ia an cabaaceci
G1’S grounci rcccivcr. ‘J’ilis  tcchniquc, herein c:iiicci G1’S-like  tracking (GI .~’), exploits ciiffcrmtiai
G1’S t o  prccisciy  dctcrmiac statioa  coorciinatcs,  aI~ci mcciia (iclays  ami t o  p r o v i d e  clock
syl]ci:lo~]iz,:ltiol]  a t  ti]c grouaci  stations2-”. la cc)tltrast  tc) ctmvc.aticmai  GJ’S-bascci  o r b i t
(ictcrlllit]:ltiO1],  ti]c number ami ciis[ribu[ion of reccivi~],q ground stations, rather tilaa  Imtmnil[ing

G1’S spacecraft, cictcrminc  the geometry govcraiag  tiw solution. * ‘l”im G] ,q’ mctilod  is particularly
attractive for spacecraft in high aititucic  orbi[s:  while the practicai  observability of CIPS sigaais
[icgracics  rapicii y as a fuact  ion of altitucic  above the CJPS constel  i at ic)a, the number of gtoLIIIcl
slatioas timt  cao be kept in pcrmaacat  view of a beacoa  sigaal  iacreases.  lior  a spacecraft in
gcosyacilronous  orbit, a ground net wcwk caa be ~icsi~,i lcci tilat  is ia pc.maacat  view c)f ti]c bcacoa
signai,  proviciiag uaiatcrruptcci  tracking. l~vell  witil til~  coatiauous  tlackiag,  ti~c Cl] ,7’ geometry is
not favorable caough in most circumstances to supporl  a geometric-style precise orbit
(ictcrmination.  };ortanatcly,  owi]lg to the at(cauatioa  of tile  ricl[  gcopotcatial  signal aaci abscacc of
atmospheric cirag, most of forces acliag  01) slmcec]aft  ia gcosyllchroaoos  orbits ate rmciily
mo(iclmi.  (A aotable e.xccption is tile  surface fcmc fron L solar  raciiat iol I pressure.)

What ICVC1  c)f cnbit  accuracy cm bc acilicvcd  fc)t geosynchronous orbiters using ti]c GL1’
approaci)?  Wc wii i at [crept to a(idrcss tilis ia this papc r, but as a star[iag,  poiat, wc note that the
GI .1’ mctilc)ci is the csscac.c  c)f tile systcm used to comp~[te ephc]ncricics  fc)l- the (WS spacecraft witi~
r{~ot-ll]cat]-s(]llarc  (l{ MS) errors of 1()--3() Cm. s If [I GPS spacecraft were simply movcci  to
gcosyacilroaous orbit, it is not unreasonable tc) ex~)ccl that ncarl y tl c same. level of accuracy coulci
be achieved .’I This thought cxcrcisc  represents an ideal case in wilicll  tim gcosyachronous  orbiter
broacicasts  the exact same sigaal  as tile GI’S spacccral  (. in practice, it is uareasowiblc tc) assume

* Wa3 cwllcd this approach i)lwrfd G1’S  bccaasc (he oscr sa(ellitc is aow il ttanslllil[et  like a GPS sakllitc,  inslcd  of
a rcccivm like a gtooncl Irticking  site.

“1 ‘[’h~rc ~IOLllCl bc SOIIIC d~g[-ad;]~i~l]  Owil]g (O (hc WCak  (Iyaamic s,gna[ute of a gcosyl]clll  oaoas orbiter, as v/cl]  as lhC

amplification of crrms from Ibc IMh orica[atioa ald polar aIt Iioa  pammclc[s.
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thal gcmynchronous  orbitm  c:in bc cqui ppcd with act ua 1 GPS t ransl nilte.rs.  OLIr interest here lies in
cxplcming,  how the G] ,“1’ mcthoct  cm bc adapted to ful Icticm with a varict  y of diffcrmt  satellite
[ransmissicms,  and to satisfy wiried rcquircmcnts  for existing g,eosJ~JlclltcJtlotIs  orbiters. In this
contcx(,  we present rc.suits from two recent cx]mimcnts  in which the G] ,’1’ me(hocl  was adapted to
track spacecraft from the “J’rac.kil~g  ancl Data Relay  Satellite (’1’1 JRS) aild  1 Ntcrnat ional MARi[in~c
SA”l’cllitcs  (I NMARSA’1’)  geosynchronous constellations.
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Figure 1. I)iffcrcntial  (;I’S-like tracking (GI;l’)  applied to g{’{~sylicllro])o[ls orl)itcr.
Sinlultanrom  olmcrvations  of G1’S satellites and ground stations enable removal of

transmitter and recciwr clock errors. After  tracking for 12-24 hours, the G1’S orbits  can be
drtrrmincd  to a 10-30 cm (lthl S). III G1,’1’, data front the higll-l~artll  orbiter is also included

illld  its orl]il s imi larly  cstimatd. This relationship is discosscd  further by l.ichfcn cf  01.4

‘1’l)IWG1’S  TRACKING l)ltMONS”l’RATION

An attract ivc canclictatc for app] ying the (;1.”1’ tcchn  ique is NA SA’S ‘1 ‘iacki ng and 1 Ma Relay
Satcl Iitc (’1’1 )1<S) S yst cm. TIIc TI)RS space segment currcntl  y con(i sts of 5 geosynchronous
orbiters and is used by NASA to support posit  ionir~s  and data relay activities for a wide variety of
1 tarth orbit in,g sp:icccraft.  Accurate real-time position know le.(lgc of” the ‘1’1 )1{SS spacccraf[  is
rcqui red to supporl  ccr[:ii  n oscrs: thotlgl] the most st rin~cnt current wqui  rc.]ncnt is 200” m ( 1 s) for
the Space Transporlat  ion System (S’1’S), the planned l{arlh  Obscrvi nF, Systctll  (I; OS) platform calls
for 25 m ( 1 s) accuracy of the ‘1’1 IRS cphcn]criclcs.6

Under the direction of NASA, JPI. has investigated a number of potential new s[ratcgies  for
dctc.rmining  the 1’1>1{S orbit s37. Judged  the. most promising among t] Icm was a hybri(l  appro:irh
which combined clcmcnts  of GI.T with a spcciali~,cct f(}rm of it~tclfcl(~l~]c.tric tracking over very
shor( baselines (Ccmncctcd };lcmcnt lntcrfcromc.t  ry 01 (3 I; scc fklwatds  cf a/. ‘). ‘1’hc SI1OI(  baseline
scenario is ncccssitatccf  by the nature of the existing TIJI<S sj~:icc-t(>-g,ro[lt](l link (S(il.). ‘1’hc TI)RS
SGI. S illuminate only a limited ma of the soutllwcstcrn  LJ.S. surrounding the 7’1)1{S Rar[h station
in White Sands, Ncw Mexico (Ilig,urc 2). ‘1’his prcc]uclcs  the. use of f,lolmlly dispcrsccl  stations for
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tracking the SGI.. IIowcvcr, if a (31.’1’ network fit(ing withio the SG1, footprints could bc ctcsigncd
to deliver the dcsirccl  accuracy, significant benefits could bc gaillcd:  1 ) ‘Jhc SGI. is always on whctl
the “1’111{S  is servicing users, ‘1’lm the signal can bc passively mcmi(orcd aad no ‘1”1)1<S  scrviccs
need bc. schcdulcd  for orbit dctcrmiaation.  2) ‘i’hc  SG1. is broadcast at Ku-band (1 3.731 Gllz,). At
this frequency, (I)c delay causccl  by the presence of ch:lrged  particles a]ot)g the signal path (i. e.,
ionosphere delay) rarely e.xcccds a fcw cm in e.quivalc]it  range.  3) A small grouncl network in the
vicinity of the White Sands complex (WSC) has many opcratioml advantages: all tbc sites cao bc
rcadi ly acccsscd  for main tcmncc, and col~lt]-llltlicatiol~s  links to tile 1 Lalh stat ioo can bc maclc
reliable and short

h
—- —-— —. -... —.. . . . . .

----——~

l~igum 2 .
to-grolln(l

Configuration of ‘1’1)1{S/{;1’S trticking  net}! ork. ‘1’he  foolprint  o f  t h e  ‘1’1)1{S-3 spacc  -
l i n k  (SG1,) during  the Jan. 1 9 9 4  expcrimcllt  is shown.

l~ollowiag the dircc(ion  of NASA, .iPI, dcsigacd an cxpcrimcat  (o dcnlonstratc  the feasibility of
this tccbniquc. ‘l”hc fcmndat ion of the cxpcti  mcnt is sinmlt ancous tracking of GI’S and 2’1 )1{S
signals ovc.r short basc]incs  to dctcrminc  tbc q’1 )1<S orbit.4 Coinciclcnt  obscrvatioo  of CiPS and
‘J’I)I<S  sigt~a]s ill the same ground rcccivcr cnab]cs calil,rations  of clock C. I rorso-  1(’ and tropospheric
Clc]ays]  1, supplanting tbc fiber optic links atd cx])cnsive calibration dcviccs  that are acccicd in a
conncctcd  clcmcnt  network. An adcicci be.]lcf]t is the ability of G1’S to provicic very precisely (sub
cm) ti]c positions of the tracking stations lclativc  to OIIC anothel, ami tile network oricatatioa  in the
tcrrcst  rial rcfcrcncc fr:lillc. 12

Wc Ilotc  that the (i] ,’i’ method cicscribc(i  bcrcin uses a measu]  cmcnt t ypc knc)wn io tbc GPS
community as “ciiffmmtiai  carrier pbasc”. It is iastruclive  to think of ti]c phase mcasurmcnt  as a
range obscrvat  ion that is biaseci  by an amount  corms] ~onding  to an uaktlown integer number of
cycles along the transmission path. Each mociifieci  CiPS rcccivcr  tracks tile  phase of tbc T1>I<S  SGI.
with great precision (cnab]cci  by ClI’S).  Col]tainc(i  i]] the stalion-ciiflcre.nccci  phase ciata is very
prccisc  information 01) the velocity of tbc ‘l’]  )1<S spacecraft  in ti]c ])lat]c of the sky. llsing the
information in a stamiar(i  {iynamical orbit cictcllllill:itiotl  stratc~y (ictcrmiflcs  very prccisc]y flvc of
ti]c six osculating (ciassical)  elements ti]at cicscribc  tbc g,cosy]lchrot][)us  T1)RS orbit. 10 orcicr  to
{ictcrlllinc  the last component- the lollgitlldc  of the satciiitc  orbit or its (iowa [rack position in
iacrt iai space- some knowlccigc of the rat)gc to ti IC spacecraft is ncc(icd. ‘1’o provi(ie  ti]is
it) formatiotl,  wc used data from routine. ranging ckmc at WSC. A(i(iitional information on the
imritagc  of tile tcchniquc, anti (ictaiicci  results arc givc]l in Rcfs. [7,13- 141.

- 4-



lixpcrimcnt  Confi Cutat ion

‘1’hc T1>RS/Cil’S tracking dcnmnstra~icm  took place from January 16-22, 1994. CiPS and
‘1’IJRS satellite.s were tfiicked  sinmltancous]y  flom three si}es: 1 U }’aso, “1’X,  Socorro, NM, and
}’asadcn:i,  CA (I;igurc  2). I’his  configuration pcrmit[c.d  us to test the pcrformanc.e of side-lobe
tracking, as J]’], is in a fortuitous location that ]Jlaccd  it ill the first  side lobe of the SCil,s  fmm both
‘1’JJRS-5  (1 75° W) and 7’1>1<S-3 (62° W), The other t wo stations, operated from motel rooms in El
l’aso and Socorm,  were within the main beam of the S(;1. of both ‘1’1 )RS-3 and 5.

‘J’hc  cornerstone of each tracking, station was an enhanced I’urbol<ogue GPS recci  vcr. q’he
‘1’urbo]<oguc,  developed at J]’].15 an(i currently globally {Iistributcc]  i II ii 50-+ recei  vcr net work usccl
for prmisc  G1’S orbit determination and [i variety of geodetic and tcctoaic  studiess, was augmented
for this cxpcrimcnt  with a small, Ku-band ho] n antenn:t  (opening, dimensions 17 X 14 cm) ancl a
Ku- to 1.-band  downconvertcr  (1+’igurc 3). la addition, the Turbc)l<ogllc  software was moclificcl to
me.asurc and record the phase of the T] JRS SG1, with the same sub-mm prccisicm  and rcccivcr  t i nlc-
stamp as CIPS carrier phase n]casurements.  ‘H lis syste]  i) :irchitc.ct lirc prodlices  Ci:it:i  prod licts tb:it
sigiiific;intly  silnp]ify suhscquclit  orbit dctcrmi[i:ition  processing.

——

EEl
~G~]

——

b

Pigarc 3. S c h e m a t i c  for tile {;1’S ground rcccivcr  cnhiinccd to simultancoilsly track ‘1’1)1{S
along with (;1’S satc]lites. ]?or tllc “J’])]{S S{; I,, whic]i is at  13.731 (;llz, a  s m a l l  s e p a r a t e
alitelina  with down colivcr[rr  w a s  added.

llita  collection commcnccd  on January 16 with tracking of T1)RS-3.  Also knowi] [is l’l JRS-
Cci]t  r~il, this sp:icecraft  was seen at [in elewition  of approxi mitcly 3(F wlicn  vicwecl from White
S;inds. ‘1’1)1{S-3 w:is  tr:ickcd  for ne:irly  5 days hcforl the st:itions  were reconfigured to track
T1)RS-S (J:inwiry 21). This sp:icccraft  prescmtly  occiIl)ies  the wcstclii  slot :ind is seen [it tin
clcv:ition  of only !()” from White, S:inCis. Althoiigh  the ‘1’t)RS-5  tr,ick sp:inncd  only 18 boiirs,  this
session w:isuscfil]  f{)r~ll](lers(:il]  rlil~gtl]e  effects of triickii]g :it lower clcv:itioas.  l)cpcndii~g  on the
station, 85-95°/0 tt:ickit]gc o~lcr:igcw ~asacl]icvc(l  ovcrthc cotirscof  tllccx]~cri]]]cl}t.13

Ascxphiinccl  prcvioiis]y,  rat]gi]~g  illf[)]ill:itiol~t  t)3’l)l<S is nccdcxl to fix the longitude of the
sp:icect:ift.  ‘1’o s:itisfy  t h i s  requircincnt, w c  lised r:itigc obscrv:itions  f r o m  roLitinc ‘1’racking
7'clci~lctry  :~tl(l Co]~trol  ('~T&C) acti}iticsa  tW1]itcS  at]ds.T hcsec)[>sclv:  itiot~s:ircb:isccl  on tr:icking
of the Ku-b:ilid  SC]l, with l$m :intennae  loc:ited :it the central groiind tcrininal.  ~’hc r:iI~gc  ckita  [ire
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not intended forpt’ccise  mbit  determination, and as suctl,  they contain Iar.gc systematic biases that,
without calibration, preclude achicvemcat  of high acmiracy  in dctcrlniaing  the Iongitucle of the
TllRS orbits. lnordcr  tocstimatet  hcraagcbiases,  wccalibratcd thc’1”l’&C rangcdataagai[]st  the
precise  ‘1”1)1<S  orbits gcncr:ited  routiaely  at [iocldard Space Flis,ht {’cater (CiS}iC)  basml  on the
l{ilatcraticm  RarlginS Traaspcmder System (J3R”I’S).’3

Solution Strm

7`llctll]ificci  7`lJI<S/Gl'S  orl~itsoltltiol]  swcrec{J1~ll~litccl  llsillg  tllc. (ill'SY/()AS1S  II software.16

‘1’ablel  olltlil]cs  tllcsolt]tiot]  strategy  .ltissitlliltir  itllll:illy  rcslJccts  tiJtllc  stt:itcgy} lresctltly  Llscd at
J1’1.il~tl]crc)lltit]c,  t~igl~ly al]tolllate(l]  >loccssit~gc>fG1’S  clataflo]]~tllcl~]l]cll  larger (80+ station)
global lall. GPS Scrvicef  orGcoclynamics(  lGS) networks la particular, zcnitb  wet troposphere
delays were cstimatccl  as stochastic rmctom-walk paratncters$ aa(i clock offsets were estimated as
stochastic whitcaoiscp rocessmat each ]]lcasl]rc]]lcflt  b:ltcll.  Satellite Stiitcs  for both the I’I)RS aacl
Cil’S spaccmlft  were csti mated, with a priori  for the lat(cr  coming from the broa(icast  cphcmcricles.

‘1’A]]],l{; I. ]tS’J’JhlArJ’]oiN S’I’]{A’1’I;G}7 IX)R (;1’S/’1’1)1{S ANAI,YSIS

Ihltl Type Data wc~ht—-- .—-— _.-— .-
G1’S Grl icr J’haw 1 cm
(;J’S J’sculorangc 1 111

‘1’I)JM (Iiuicr l’hasc 1 Clll
‘1’l)J<S 2-way ran~c (1/hr) 5-Q- —.. —...—. . — - — .

Models and Ckms( ants —-- —-— _—— .—. .— ..—
‘1’1 )J{S Solar Rad. Prcsswc 1111s

TDRS Area 40 rn2

7’I)J<S Mass I 807 k~
GI’S Solar Rad. Pressure l’lorl’20°
Jkth orici]tztticlr)/rotatiot~ ]ntl. J .ar(h Rot. Scrvicr ( l~Llll. J))
GI’S Sta(ionl.ocations ll]tl.’I’cr[cstrial Rcf, J’rar]]c 1991

While Sands Sin. location Wo] ld CicocJctic  Sys[cin- 1984
Imtli-solal I’cl-(urba(ions J I‘1, 1)1;-200  cpJIcn]cI  ides

Jiar[h Gravity [ricld Joild Gravity Modcl(J(;MJ-3_ —  - — - — . ._ .  . . — .  —

1 istima(cd J’aramc(crs I’ardl))ctcl-izatioll mlstraint___ —.—— .- —--
‘1’[)1{S  lnilial SINC 3-D ~poch position 1 (K) km  -

3-1) C;)och Vclo(’lty J mls
‘1’I)J{S  Solar Radiation ]’lcssurc constant 1 ()() Y,

G3cft’icicnl
(;J’S Jnitial States 3-1)  CpOCJI posillon 1 (m knl

~-~ epoch VC]OCl(y 1 11)/s
‘1’roposphcrc random-walk zcnilh delay 40 cm; 5 cnUhr  l/2

WS~ 2-way J<angc llias constarr( 2 m
[’altict ]’hasc Jliascs cotistant ovu a contitl~mm  pass 3X 1 of km

C;J’S and J{cccivcr clocks white-noise 1 Scc————-—. —.—— .—. . . . .

Station coordinates for the l’l)RS/GPS  terlninals  ill El Paso, SocoIIo  and Pasadena were fixed
at prccisc  values dctcrmiacd a priori osing the GPS data collcctcd  at the sit cs. 13 The results sllggcst
that the stat ion coorcliaatcs  have bcca dchmniaed at the cm level i H the lnkmat  ional  ~“errmtrial
Rcfcrmcc l~rame. l~or the 18-m WSC anteanac  that tolled  the ranp,c data, wc LIscd coordinates
provided by NASA in the World Geodetic Systcm(\VCiS)-84  systcm.  We did not have [i G1’S
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rcccivcr  at WSC ancl thcrcfoJ-c  WCI-C uaab]c to estimalr  impmvcd coordinates. ATIV crmr in this
station cxmrdinalc  will manifcs(  itself  as a range

(M~it  IMcrminaticm  Results

We first consider four separate orbit mcs:
lcagths vary from 18 to 21 hours and span the

.
bias, wl]ich ;e estimated via external calibration.’4

three for T1)RS-3 and onc for TIJRS-5. The arc
period flomJanuary  1906: ()() U’l”Cto  Jaauary22

]~:~()(]’]’C.  Tab]c2gives  the statistics-of filf~Jr t[lcf[)Llr l~rccisc~’l]]<S  orbit so]utions.  Tha; the
‘I’l)l{S l>ll:tsc  d:lt:~call  bcfilllcallyas  well asthe CiPS })llasciscl~col)tagill~,  ami suggests that ti~c
‘1’1)1<S data qaality  isexcellcnt. Also given ia tl~et:tblc  ;ircti~c  statisticsc)f  the computc(i (formal)
posit ion errors (bcigilt,  cross-t tack and along-track) fort i)e est i ma(cci ‘l’]  J1{S  orbit, Tile kwger  errors
in tile (iowa-lrack component can bc attlibotcd  [i~c WS(’ range bias.  As tilcrc  is litlic streng(il  to
(ictcrl~lit~c  ti]is]~:ir:illlctcr,  cstit~l:ttil~g  tilcr:tllgc  t)i:~sseri~cs  olllyto it) fi:itcttlc  forl~l:ilerlcjrs  ami make
thcm more realistic,

‘1’AII1,lC 2. RMS TRACKING I)ATA l{ JtSII)UA1,S  AN]) MAI’I’lcI) ‘1’1)1{S FORhlA1/  01{111’1’

SK Arcc~j&]

“F:v-T’TT’-w”--
}’])asc I:’ill  c  }’hdsc  l<(lll~c.
(mm) (J (ml,])  (my

‘i’i)RS-3  19-JAN 06:()() 20-JAN 00:45 ?.6 2.8 2.8 ().3
1 9-JAN 2 i :0() 20-JAN 17:18 5.8 ].() 3.() 0.3
20-JAN 21:45 21-JAN 18:25 3.2 i.() 29 ().3

TIIRS-5 21-JAN 19:48 22-JAN 13:30 I
L–

2.() NA 2.7 ().3.—-— —.. —_-

1.5 2.1 17.1
1.3 2.9 15.2
1.1 1.7 139

1.9 4.2 18.()

“]’wo of I}IC ‘J’IJ]<S-3 ori~it so]lltjons  OVCrl:Ij)  by -4 llr (Figure 4). ‘1’i)c RMS ciiffcrcnccs  of tile
two solutions during the overlap is 2, 11, and 12 ]~1 in hci~ht,  cross track ami down tr:ick
respect ivcly. ThoLIgil the cross-track differences arc son lcwhat  liit~e] Iiwin the formai errors might
suggest, these rcsuits  support that the orbit prccisio[l is hct[er ti~an 25 m (l< MS) in total position.
Whiic  ti)c  formal errors  and overlaps are instructive, ti]cy reveal only i[)t~rni(l  consistency. A better
measure of lilt orbit accuracy is gaincci  from cxtcrnai co I nparisons. ‘1’o tilis ca(i, wc compared oar
‘i’l )1<S orbit solutions against the precise B1<’1’S-derived orbits from GSl;C, q’hcsc orbits arc
timaght  to bc accaratc  to 50 m or better in totiii position ( 1 -o). ‘i’hc  comparisons were pcrformcci
ia ti~c i ncrt ial (J2000) rcfcrmcc frame.

I I
I I
I 19 hour arc

20 hour arc I

I
P Jan 19 b? Jan 20 d

4. Schrmatic  of  orbi t  over lap for ‘J’J)RS-3  o] bit comparison] . ‘J’hc RMS dift’crcnccs
cross  track and down track arc 2, 12 and 11 n) rcspcclivcty.
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l:igurc  5 summarizes the differences with mpcct to the BRTS orbits for all four solutions. l’hc
RMS differences range from 1 to 9 m in height, 13 to 30 m in cross track,  and 14 to 30 m in ciown-

track,  and (1]c maximum difference over the entire -3 day span is 52 m. (It should be remcmbcrcci,
however, that the ciown-track  component of our or-bit  is constrained to match the 111<’1’S orbit in the
bias term via the range calibration.) This level of agmment  is considered quite encouraging, and
was somcwbat uncxpcctcci  given pub]ishccl  estimates of the errors in the BRTS orbits. Fkpccially
cncouragillg  arc the results for 1’IJRS-5, which was trackccl  at a VCI y low elevation ( 10O).
Moreover, the signature that 1“1 )1< S-5 tracccl in the plane of sky was very compact compared to the
one for ‘1”1 )1<S-3. 1 )cspitc these important diffcrc.nccs, the 1’1 )1< S-5 orbit accuracy appears only
slightly dcgraclcd.

+—’

g 10

1

I TDRS-3 I TDRS-5

l~igurc 5. Dar graph s u m m a r i z i n g  Rh4S ‘JI)RS  orbit diffrrcnccs  (this study v s .  111<’1’S).  ‘Jihe
first three solutions corrcsJ}ond to ‘J’DRS-3  and the last to TJ)RS-S. ‘Ilc arcs vary bctwccll  1 8
and 20 hours in length. ‘J’hc largest excursion over tltc entire  set of comparisons is 52 m.

A critical rcquircmcnt  for ‘I”IIRS orbit dc[crminatitm is the pmn~})t rccovcry  of the trajectory
cslimatcs  allcr a stat ion-kccpin.g  mancllvcr.  In recognition of this, wc I lavc examined tbc effects of
rc(iucing the arc lcllgtb  on the error in the Iccovcrc(i orbit. our  IIonlinal orbit solution for this
comparison is a 34-hr arc for ‘1’I)RS-3.  Gradually shorter tracking data arcs were used in computing
orbit solutions for comparison with this nominal cpbcmr.ris.  IJepicted  III }Jigurc 6 arc the differences
with respect to the nonlinal 34-hr solution; these rcsult~ suggest that 75 m orbit precision is being
approacbccl  with only 4 hours of tracking. ~’hc current I cquiremcnl  fol S’1’S is 200 m (1 o) within 4
hours after a maneuver.(’1 )iffcrenccs  of tbc 12-hr arc wit h respect to the nolninal  are less than 20 m
in all components.

P’or  improved accuracies in post-maneuver trajc{lory rccove.ry, additional options can bc
cxp]orcd. Since the short-basc]inc  diffcrcnced  phase clata is not St rong cnoLIgh to recover the
trajectory at the 25-50 m Icvc.1 from a COICI  start in a fc.w houls, w’c woulci  attempt to include the
maneuvers(s) in the orbit solulion  arc. in tl)c simplest approach, a velocity impulse could bc
Cstil])ittcd  a( the burn time. This approach has bccll applied successfully in the trc:ittncnt  of
maneuvers of tbc CWS spacecraft. 17
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/$rc Length ($rs)

Figure  6. IMfcct Or solution arc length  on precision Of recoveml ‘1’1)1{S-3 orbit. ‘1’hc ort}it
diffwenccs shown are taken with rrspcct  to a nominal 34-l]r solotion.

We plan to pcrfmm a follow-up dcmcmstrat  ion of the Cil .’I’ concept for “1’1 )1<S mbit
dctcrminaticm.  ‘1’his  ctcmonstraticm  will attempt to address a number of outstanditlg  issues
concerning the operational viability of the system. ‘1’o  assist in the ctcsipn  of the demonstration, wc
have pcrfomccl  a dctailccl  covariancc  analysis. l;or  this st ucly, the towns of 1 .m Cruces, “1’ruth  or
Conscqucllccs  ancl “1’ularosa,  New Mexico were sclcctcd  for the trackinf?,  sites. ‘1’hcsc  towns all lic
within the main beams of the TI>RS SCJI  .s ald  baselines iil])ol]~  them form a triangle with -100 km
Icgs surrounding the ‘1’111{S  White Sands station. For tl)c satellite, wc used ‘1’lJI<S-5: its cumnt
position in the west slot renckrs it more interest inj: from an operational standpoi  at. The
assumptions govcrlliilg  the covariancc  st ucly were calit rated a~:tinst  t] IC actttal results from the
.lanuary I 994 dcmonslratioa,  and thus the mtitnation  st],ltegy  given in ‘1’able 1 applies with a few
tmtahlc cxeeptioas.  in contrast to the analysis of the actllal data from January 1994, wc included
ccrt:iin  “coasidcr” parameters in the covariance analyses fo yield  more lcalistic  error estimates. I’hc
consider par:imctm and their associated crrms ( 1 o) are givca ill ‘1 ‘kblc. 3. la keeping, with a
conservative approach, the solar radiation pressure cocfllcicnt  and WSC range bias were not
cstimatecl,  rather they were trcatect  as consider paramc{ers. Also noteworthy is the abscncc  of
consider parameters for the ]ocatioa of the WSC; range s[at ion. It) practice, the range station could
bc surveyed in with the rmotc  ‘lkrbol<oguc  stations at the cm ICVCI  using a GPS survey. Any
residual error would bc negligible in comparison with the uncalibr:itcd  portion of the rang,c bias.

IJctailcd  results of the covariancc  analysis arc given in Ref. 113]. Wc limit the discussion
hcrcia to :isscssing  the overal 1 T1 )1-?S orbit accuracy and charactcrizi  I]F, the impact of the WSC range
bias. IIigurc 7 gives tbc expccte.d 3-d orbit accuracy (1{SS)  for ‘1’l)RS-5  as a function of the one-
way unccllainty  in the range bias. As di scusseci  earlier, the cliffcrmccd  phase data :irc rclat ivcly
insensitive to any bias in the longitude component of the satclli(c.  A fcw rallgc data points are
nccdcd to fully dctcrminc  this component. Keeping in mi I IcI that th:it “cotlsidcr’)  pnrametcrs  scale  in
a linear fashion, it can bc seen that the range.  bias emcrp,es  as the Icadil)g contributor to the orbit
error once its one- way unccrtai  nt y cxcccds -1 m. la order main t:iin  tbc total Ic)ot-slltll-s(]l):itccl
(1<SS) orbit accuracy to 25 m or better, the raagc. bias mu~t be kept below 3 m (1 -way). This rcsu]t
applies in an approximate sense to TIJR,S satellites in the eastern slot :is VW]], since the elevation as
seen from WSC is nearly the same. If range data acquirt..d  from WSC cannot  be calib~atecl to this
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ICVC1  of accuracy in real time, then it is possib]c  that  range mcasurclncnts  CONICI be obtained by
trackinx  the SG1. mcsclulations  (or tones) dircclly  in the CH’S rcccivcrs  ill addition to the phase of the
carrier. I’his  would requi m actclit ional enhancements to t hc ‘llrbo-l{ogac  pactm.

TABJ,IC 3. CONSII)ltR  I’A1{AMEI’ERS  WI{ ‘J’l)I{S/(; I% COVARIANCll  AINAI,YSIS.———.-. —

@Lsider Para meters

‘1’1 )1{S solar radiation pressure cocff. 2 %
WSC range bias 1 m
WSC 7.cnllh  wet tro losphcrc  (rallgc)

d
10 Cnl

lono~}~hcrc  delay ( ,-banct) 100 %1 Bent
(irawty  model error
‘1’racking  station b:ise]incs

50 % JGM-3 - WGS-84
1 cnl 1 iast
1 cm North
~[yfl)~ertical

X, Y l’olc  Motion
Url’l - U’1’c 3 nlscc—.— — — —  .——

l;igurc 7 also suggcs(s  that, with unbiased range n~i:asurcn]cnts  (< 1 m), the 3-cl orbit accuracy
(1 O) for ‘1’1 )1{  S-5 can bc brought below 10 m using tbc G1_T techniqac.  l’bough this remains to bc
ctcmonslratcct  with actual data, it noncthc]css  underscores the remarkable precision of the
diffcrcncccl  phase obscrvablcs.  ‘1’hat these mcasureinents  taken over very shor[ baselines (- 100 km)
have the potcntiiil  to support 1() m orbit accuracy for a g,cosyncbronoos  spacecraft is a testimony to
the powcrfal  ability of the CiPS data to enable ultra-precise time transfer and reliable calibrations of
atnmsphcric dchiys.
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l~igurc 7 . ]~~pe~t~{l ]Dositio,] l~rror for ‘1’]) ]<S.S (]{SS)
range I]ias for 100 km network from covariame  analysis,
inertial (.]2000) and terrestrial reference frames (’l’lO:).

INNIA1<SAT I} RIWISK  ORBlrl’ I)IC’1’llRMINAI’lC)N

As a first step toward the eventual goal of a Global

10 100
leg, m)
as a funclion  of the one-way WSC
‘1’hc orltil e r r o r  i s  given in both the

Navigation Satellite Systcm  (GNSS),
INMARSAT is c~]uipping their  third g&eration  ge(lsynchrotious  s})acccraft  with spccializccl
navi@ion payloads for augmenting CIPS services. )8 ‘1 ‘hese payloads wil I enab]c each of the four
lNMARSAT-3  spacecraft to broadcast a pseudo-GPS  signal at the G1’S 1.1 frequency
MII~). This INMARSA”I’  gccssynchronous overlay (lG()) signal can bc rcccivcd  in GPS
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with only slight hardware and soflware modiflca(ion  and can be used for navigation and time
transfer in much the same way that CTPS signals are used. lT~ addition, it will be used to disseminate
GPS integrity information and wide-area differential con cctions  for usc in mitigating the effects of
Schxtivc Availability y (intentional 1 Xl ) dithering of GPS clocks) ancl other common  mode errors
that impact real-t imc applications (e.g., aircraf(  navigation).

“1’he keys to the efficacy of the lGt3 al-e the sal nc as those for GPS: accurate real-titnc
know] ccigc of the spacecraft positions, ant] precise calibriltion  of the signal liming to a stanciard  time
rcfcrencc (e.g., U“I’C).  in contrast  to the GIN spacccr;lf(,  the lNMARSAT-3  spacecraft will not
carry a suite of on-board atomic clocks to sul)]mr-t  acculate  pc)sitioninx  and time tr:insfer.  ]nstca(i,
tbc IGO signal will be generated :it spccific:illy  established sa[cllitc  Iiarih stations, ancl will be
stccrcd  to appear synchronous with tlw G]% satc]lite  si~,nals. Since only ii sillglc  geosynchronous
satclli(e  signal is required to support fixed installatiol[s, the four INMARSA’J’-3  satellites will
provide redundant worldwide cover:ige for precise time (Iisseminatioll.  Of course, the accuracy with
which the timing can be controlled will depend on how well tbc position c)f the sate]litc  is known.
“1’o fully exploit the timing ancl n:tvigat  ion benefits of the lGO, it wi I I thcrcforc  bc necessary to
k]mw the orbital positions to an accuracy consistent with the GPS cpllcmcris  error. ‘1’hc eventual
goal is to dctcrminc  [bc lNMARSAT  orbit ephcnwides t{) the meter  lCVCI or better.

in orclcr to test the 1(30 concept, NAVSYS Corp. unclcllook  an cxpc!-imcnt  using onc of the
existing sccoll(l-gcl~crfitiol~  lNMARSAT spacecraft. ‘“ ~(1 ‘1’he AOR- Wes[ sp:icccraft,  prescnt]y
staticmcd  over the South America, carries a tl anspondrr capahlc  of lm>:idcasiing  a pseudo-GPS
signal. l~or the cxpcrimcnt, a ground-station test  becl clcsigncd  ancl built by NAVSYS Corp. was
deployed :it tbc CK)MSAT Ear-lb STAtion (I Nq’A) in Connecticut and uscxl to g,encratc a pscudo-
GPS sign:il, ‘]’hc signal was relayed through the AOR-West transponder and trackecl  from two sites
in the continental U.S. (Southbury,  Connecticut ancl B(,uldcr, Colorado). We used the GPS-like
tracking observations to dctcnninc precise INMARSAT orbits. II) contrast to the TJ)RS/GPS
cxpcrimcnt,  the lCK) signals were not tracked in CIPS lcccivers.  Ch the c)thcr  band, the baseline
(South bury to Boulder) projcctccl on tbc plane of the sky w:is  nmclI ]ongcr and the observations
were dcrivcci from pseudo-CjPS transmissions rathe]  than simple phase mcasurcmcnts.  ‘1’hc
cxpcrimcnt  thus brings to light complcmcntaty aspects o~ the GI .“1’ concept.

l{xpcrinmnt

The NAVSYS Corp. test-bed ground station (SIG(;  EN) at JISTA consists of the following
components: 1 ) precision time and frequency reference; ~,‘) controller; atld  3) nlonitor/rccei  vcr. The
primary frequency standard is an 111) 5071A clock wilh a cesium  beam tube design that yields
stabilities of f2 x 1 ()-12 s/s. The controller generates the I(XI signal and slecrs its timing elements (a
]~sclr(lo-l:itl(lorll  range code with the characteristics of the GIN Coarse/Acquisition or C/A code) so
that they :ippcar to be synchronous with the precise time lefercncc  of the ground station. In order to
dynamically compensate for the group delays and flcquency offsets, the S] CiCI]iN Illollitor
compares the return signal to the oplink.  It also serves iis a reccivcr  for mcasurii~g  the t we-way
range from the ICI()  C/A code. A scconci  monitor st:itioll  was deployed in Boulder, where it was
tied directly to a ccsium  clock at N] S’I’. Additional details on the dcsip,n  of the SIGGI{N and the
monitor stations arc given in l-tcfs. 11 9-20].

1 hta for this expcri  mcnt were collected over a three (lay pcriocl in (kfobcr  of 1994. Prior to the
experiment, NAVSYS e~lgirmcrs  synchroniz,ccl  the 11P time reference. at Southbury to NIST-{JTC
t i mc. The synchronization process is an iterative. proceclurc,  and is ult in IaIcly limited by knowledge
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of [hc range to the satellite and hcncc the accuracy of’ the available lNMARSA’1’  cphcmcridcs.1’~  Iior
tl~is cxpcri mcni, wc used AO1{-West orbital elements 1 tom the 1 NM ARSAT opcrat ions center in
I.ondon. 1 ~cpcnding  of the a.gc of the orbital c]enlents,  errors in the modeled ran,gc to the satellite
can reach a few ki Icrmcters,  imp] ying clock offsets of 10 pscc or larp,cr.

Solution Stratcsy

‘1’ab]c  4 outlines the solution strategy for the lNh4ARSAT prccisc  orbit determination. ‘l%c
slrategy is somewhat different than the GPS/TJ )RS solution strategy (cf. Table 1 ) owing primarily
to the absence of GPS measurements. Since the lGO is single frequency 1.-band, the ionosphere
delay can amount to several meters and cmcrgcs  as all impollant  source of error. 1,acking  ciual-
frcqucncy  G1’S mcasurcmcnts  to provide line of sisht calibrations, wc uscct the lJenIql  model to
compute the delays. A nominal zenith  troposphere delay was applied at both rcccivers;  the zenith
wet delay was fi xc(i at 10 cm anti the ciry colnponcnt  (-2 m) was dctcnnincci  from tile  stanciar(i
atmospheric pressure bascti  on the elevations of the two tracking sites.

‘1’AI\l.lC 4. ltSTIMA’1’10N S’1’l{ATEGY 1’01{  INMARSA’I’ A N A  J.YSIS

[km Type Dam ~h(—.. —_—
INMARSArl’  l - w a y  r a n g e  (lh)~  —

s.I!__.  ..-—._—-—. —

hlodcls and constants —— .—. .— .
INMARSAT  Solar Rd. P1-cssurc 1111s

lNh4ARSA7’  Area/Mass Ratio 0.035 11)2/kg
liarlh G]avity I:icld Joi[,t Gravity Modcl(.lGh4)-3

1,uni/Solar Pcr[ul-bations J1’1. DIi-20()  I.phcnmidcs
Ionosphcm Range Delay Ilet112 ‘ MO(IC.I

Dry ‘1’roposphcrc  Range Dclay Zen. c,m]pulcd from s[a[ioa height
WC( ‘1’roposphcm  Range I)clay 10 cm zcnilh delay

liarth oric[l[a(io]l/rota( io[l ]n(l. f ar(h Rot. Scrvicc (IIu1[. B)
Slalion I.ocations w(; s-a4— - —  ——. —

Ils(imatcd I’aramchm ParamctHi7afiol, cons[rain(——— ——— .. —.-
INMARSA’I’  Iipoch Sta[c 3-1) epoch posi(itln 100 km -

3-1) clinch vcloci[y 10 Ids
INMARSA”l’  ~lc)ck 1 .inear 1 ‘s

1 Sls
IN MARSA”I’  Solar Radiation Pressure Bias 100 Y,>

Chcfficicnl — - — . — . -——— . —.-

Our treatment of errors in the clocks of the three pallicipants  (1 NM ARSAT, }3STA, NIST)
merits a(iciitional  discussion. Although the m:istcr  frequency g,~t~cri~to]  fol the SICIGEN is at the
ground stat ion in } NTA, it is instructive from the orbit (ictcrminat  io]l  st :tn(ipoint  to assume that the
spacecraft carries the clock. A signai under active control is uplinkeci  to 1 NM ARSAT at C band and
then transpondeci  :ind rcccived at L b:ind  at each of the two re.cci vcrs.  Common view of ti~c
1 NM ARSAT spacecraft from both ground stations provicies  for a means of cstitnat  ing the
1 NM ARSA2’ clock error. Fkrors in the cent rol loop of the uplink signal woulci be common to ali
rcccivcrs  at the same time anti would bc in(iistinguishal  )ie from cic]ays  ciuc to other common-mo(ic
crrc)rs,  coming from e.g. the transpon(icr. }Iowcver,  since the lhnin rallgc ciata from tile two
ground sites were not collcckxl  with common time s[amps, it was Ilot possible to estimate tile
1 NM ARSAT clock error at each mcasurcmcnt  cpoci], i .c. single ciiffcrcnccs  could not bc fornlcd.
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lnsteact,  the INMARSAT  clock a-m] was estimatcci  usinp,  a lineal  mociel over the length or the arc.
Wc note that neither of the monitor stations in the October experiment were equipped with GPS
rccci  VCIS for dock synchronization. The clocks at the monitor stations Jvcrc. (iri ven by stab]c cesium
oscillators; nonetheless, there may be residual clock errors cap:ible  of mapping inlo the orbit in [i
systematic manner. in practice, the stations would be equipped with G1’S receivers, eliminating
these sources of error.

Orbit 1 ~ctcrmination Results

Three separate 34-hr arcs, overlapping by 17 hours, were processed using the strategy
dcscribcd  above. Table 5 gives the statistics of the trac}. ing data residuals and the formal (noisc-
only) cwbit errors for these solutions. Postfit  rcsiciuals  of the CIA ran~e data arc consistent at the
lcvclif  2-m (l{MS). Examination of theresiduals  reveals only ahint  of systematicb  ehavior,  with
some mild pcriodiciticsat 12 and 24hours.2~) Candidate cxplanatiom for these pcrioclicitics  include
residual errors in the S] GC]}iN control loop, residual clm:kcrrors,  and mismodc]in.q  of atmospheric
delay errors (e.g., ionosphere, troposphere.)

‘1’hc sttitistics  of the formal orbit errors were dcrivcxl  by mappinp,  the initial condition errors
over the duration of the solution arc. The smallest folmal  errors (cf. ‘1’able 5) arc in the radial
component ofthc  orbit. I-arger errors in the cross- and ground-track components (5–15 m, RMS)
could bc reduced with a more favorable tracking geometry.

TABI,E  S.  l<nls TRACKING  D A T A  RKSlI)LJAI,S  A N D  hIAIII’Im INMARSAT  vo]mlA1.
ORB1’J’ lmRol{s.

‘----z iz=
f. I

RMS Formal Errors (m)
Slc Arccj]&] R&y

ltcin~le. .

.—-— ——— . ..—

INMARSAT 1 S-oc”l’ 00:00 4080 2.50 1.74 14.7 5.09
15-OCT 17:00 4080 2.52 ] .69 14.2 5.10
16-O(2T 1 ():00 4080 2.56 1.76 14.7 5.22

.—— —..—-

Finally, we show in Figure 8 the statistics of the overlap periods. Note that while the first and
third overlap periods arc 17 hours, the CClltliil  ovcrla]l  is a sillglc  ]mint (i.e., The first and last
solution arcs share no common  data). ‘1’hc RMS differences arc typically bctkx than 10 m,
suggest ing that the precision of the orbits arc at the same level. As the] c arc systematic errors (c. g.,
clock biases, station coordinate errors) that c:in dcgra({c the rccovctcd  orbit  without manifesting
themselves in the orbit consistency tests, these st:it  ist ics should be i ntcrpretcd  with taut ion.

(?ovariancc  Analysis.

In order 10 i mprovccl  INMARSAT  orbit accuracies, a number of improvements to the cur~cnt
configuration shoulcl bc implcmcntcd.  Among  them is the addition of one or two stations to
improve the tr:icking  gcomct  ry, and the usc of carrier ]hasc fmm 1 N h4Al~SAl in ad(iition  to C/A
range. Also critical is the usc of CIPS receivers at the monitor static)t~s. Clock errors, as WCII as
atmospheric dcktys from the ionosphere and troposphere, can be calibrated by receiving the ]~lo

signal in a dual-frequency GPS receiver that is simultatlcously  tracking the GPS cons[cllation.  With



Ihc cxccpticm  of tbc ionosphere calibration, these capabilities have bccll  amp] y (icmonstratcci  in the
results of the TJ )1-UYCJPS  experiment. The ionosphere calibration not critical for 1’IIRS owing, to
the high frequency (1 3.731 CiHz) of the SGL transmission-- will bc critical for the l.-bancl  IGO
signal (1.57542 Cl} Iz,). 1 )ual-frequency CiPS signals f] om the, constcllat  ion are routinely used at
J]’]. to calibr:itc  ionosphere delays for tracking of deep space probes. ‘1 ‘he software for performing
this function could be adapted to compute the delay along the line of site to 1 NM ARSAT from each
of the IGO ground stations.
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l~ignre 8. RMS Orbit  Dif ferences  for  overlapping JNMARSA’J’  l’rrcise  orbit solntions.

To answer whether 1 -m orbii  accuracies can be approached with tl~c proposed system, we
conducted a covariancc st uciy. q’wo ground stat ions--ol Ie at I~ccds, UK ald a scconcl in Santiago,
Chi Ic- were addcc! to improve the observability y. other assumptions ale given  in Table 6. Note that
1 NM ARSAT carrier phase mcasurcmcnt  were included in the analysis, in addition to the C/A cocle
range. Two parameters were trcatccl as “consider” parmctcrs: tlm solar radiation pressure
cocfllcicnt  for lNMARSAT  and the a scale parameter to accoua[ for residual errors in the
ionospbcrc calibration along the line of site. to lNMARSA’1’. ki:a”dl  oricatation  ancl rotation
parameters were not considered, since the euors havr little impact on the orbit in the terrestrial
rcfcrcncc  frame.

1 )cpictccl in liigure 9 arc the statistics of the mapped orbit errors for a 34-hr solution. Under the
assumptions in Table  6, the total RSS 3-d position errol for INMARSAT is about 4 m. Most of this
error is in the dowa-track  component of the orbit, More impot  ~:int for lCiC) time transfer
applications is the radial component, which in this case has an 1{. SS ma.gnitaclc  of 1.4 m. We note
that the 1-SS error in the racii:il component (not sbowa) is 1.4 n), which is adec]uatc to support time
transfer fit the few-as level. Recent results from an expel imcilt  conducted for the Eoropcan
Complement to CTI)S (CE-G})S) seem to corrobol ate that this ICVC1  of orbit accuracy is
achievable.22 Using an cxpcrimcntal  system with sta{ Ions in “1’oulousc, Fr:incc;  I Iartcbccstbock,
South Africa and Kourou,  French  (iuiaaa, lkrbier  ef al. 22 report orbit  overlaps of ]CSS than 4 m in
total position for 1 NM ARSAT AOR-East.
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What can be done to fullhcr  improve the orbi [ accuracy? 1 II practice, the impact of
mismoclcling  h solar radiation pressure. will be mitigated by estimated the scale coefficient. In
addition, tlm 10  0/0 estimate for residual ionos])hcrc  delays is somewhat pessimistic for typical
conciitions (l). Yuan, private co]lltlltll]icatioll, ] 995), ~~ith ~aref~ll tre:ltl]lc,rlt and control Of thCSC

systematic error sources, it is reasonable to conclude that orbit accuriicy  consistent with the formal
errors (2 m, 3-1)) can be approached. We speculate that fmlher  ilnprovcmcnt  (to the 1 -m level) is
contingent on the adclition  of ground stations, and to a lesser extent on the improvement of the
range quality. l;urther  analysis is rec]uirccl  to corroborate this.

‘1’A];],I,; 6. }tS’J’IMA’J’]ON S’J’RA’lWGY l@R lNhl Al{ SA’1’ C[)VAl{l ANC1t  ANA1.YSIS

Data ‘f’ypc I)ala WQI(— - — —  — - — . .. —-—
lNMARSA1’  pSCOCkJl”al)flC  (CYA) 5 m

lNMARSK1’  carrier phase 1 Clll
GI’S pscodorangc I m
GI’S cart icr phase I m—-. —-— —  .—.. —

Gmsidcr  Paramckxs Urmr[ai~_--  —-.  —. —— .— .-— --—
lNMARSA’I’  Solar Rad  I’rcss. Chcfl. 2%

1NMARSA3’  lcmssphcrc 10 % Bent Mrrdcl for 1, I dcl:~.—-—. ——— ..—

1 ;slimatcd t’aramclcrs Paramc[criHit ion Cons:raitl[—-——
IN MARSA’I’  Ilprrch Slate 3-1) position 100 kol

3-1) velocity 1 11)/s
GPS lipoch Sla[c 3-1) position 1()() km

3-D VCk)Clt)’ I  11)/s

Tloposptvm random-walk Zcrlilh LIc]ay 40 CIII; 5 crn/hri’2
[;1’S,  lNMARSA’I’  and r-cvr. clocks whi[c noise I s

INMARSA’1’ Solar Radiatioa l’rcssorc llias I 00 %)

O)cfficicnl —-- —-— .—— ——  . . . .

o i 2 3 4 5
RSS 3-D Position E:rror

lrigurc  9. Rcla(ive coatrihutioas of various error sources for INh’1Al{SA’1’ orbit  determination
based on covariancc  analysis. ‘l’he cxercisc  ;lssumcs  a 4-statioa trackiog  n e t w o r k  aml 34 h o u r
arc (cf. ‘1’al)le 6 for more details.)

I)1SCUSS1ON

‘1’hc CilW-like tracking method offers several advmltages  for geosynchronous satellite tracking
and orbit determination. Among them arc: 1 ) low-cost of the small antennae ancl enhanced CIPS
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receivers in comparison 10 larger sys[cms  typically used for geosynchronous tracking; 2) accuracy
l-ivaling  connected clcmcnt  networks for the calibration of media, 1 iarth platform ancl timing errors
from (he simultaneous observation of GPS; 3) diversity of design confip,urations:  from a small loc:il
area net work (e. g., T] )1{S) that emphasizes operational convcniclm aIKl maintainability , to a
global network that suppor[s  ultra-high precision (e.g. INMARSAT).  4) processing system that
lends itself to a high-level of automation, even cm a desktop work slat  ion. With respect to this last
point, wc note that orbit determination procedures for lbe results given  in this paper were run on
11P work st:it  ions. l’hc program sequences can be automated, as has been done for computing
‘l’opcx/l)oscidon  orbits. In a recent demonstration of tllc Topcx/Poseidon automated system, orbit
estimates were dclivcrcd  within 24 hours of the receipt of the flight data. For this exercise, a
combination of orbit fits and predictions permitted achievement of 3-I) accuracies better than 1 m
(15 cm for the radial component) in real time.?}

Similar benefits could be shared by other future missions adoptin~, tllc  GI.T tcchnic]ue.  II) the
case of the NASA I)ccp Space Network, which supports higl~-1  iarth orbiters in addition to deep
space probes, valuable large  antenna time could be flccd up for n mre clcdicatcd interplanetary
tracking sessions. ‘1’hc high potential for inexpensive tracking shoLIlcl also bc at(ractivc to cfesigncrs

of NASA, military and commercial systems used for orbit dcter[nination  of geosynchronous
satellites.
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